The tokamak simulation code (TSC) is employed to simulate the complete evolution of a disruptive discharge in the experimental advanced superconducting tokamak. The multiplication factor of the anomalous transport coefficient was adjusted to model the major disruptive discharge with double-null divertor configuration based on shot 61 916. The real-time feed-back control system for the plasma displacement was employed. Modeling results of the evolution of the poloidal field coil currents, the plasma current, the major radius, the plasma configuration all show agreement with experimental measurements. Results from the simulation show that during disruption, heat flux about 8 MW m −2 flows to the upper divertor target plate and about 6 MW m −2 flows to the lower divertor target plate. Computations predict that different amounts of heat fluxes on the divertor target plate could result by adjusting the multiplication factor of the anomalous transport coefficient. This shows that TSC has high flexibility and predictability.
Introduction
The axisymmetric evolution history of the plasma leading up to and during the plasma disruption is one of the most important issues for the design of a reactor based on the tokamak confinement concept. The plasma disruption is a very fast runaway event during the operation of the tokamak [1] . During plasma disruption, the remaining stored energy in the plasma is released (the thermal quench TQ); and simultaneously and/or subsequently, the plasma current is reduced to zero (the current quench CQ). Both the TQ and the CQ occurred in a few milliseconds or tens of milliseconds, which is much shorter than the discharge time of the plasma (seconds to hundreds of seconds) [2, 3] . During TQ, enormous thermal load and runaway electrons are imparted to the plasma facing components (PFCs). During the CQ, the halo current appeared surrounding the plasma and huge electromagnetic forces are induced on the conducting structures. The quench of the plasma current in the CQ phase also results in the event of vertical displacement which causes great damage to PFCs [4] [5] [6] .
Tokamak simulation code (TSC) has been widely used for the simulation of plasma discharge and the design of new physical experiments [7] [8] [9] [10] [11] [12] [13] . TSC simulates the time evolution of free boundary axisymmetric plasma surrounded by PFCs which includes a feed-back control system. One salient feature of TSC is that it is based on a rectangular computational grid. Therefore, it can easily follow the change in time of the configuration of the plasma, including both its shape and the topology. TSC advances in time the magnetohydrodynamics equations with the inclusion of the axisymmetric transport and heating packages. These packages include the neoclassical-resistivity, anomalous transport, bootstrap-current, auxiliary-heating, current-drive, alpha-heating, radiation, pellet-injection, sawtooth, and ballooning-mode induced transport models [14] [15] [16] . Details of the computational methods with the description of these packages of TSC are given in [11, 14, 16] .
In this study, we report on the simulation of the evolution leading up to and during the major disruption of a discharge in experimental advanced superconducting tokamak (EAST) using the TSC. During the disruption phase, we concentrated on modeling the heat flux impinging on the divertor target plates. In section 2, we present the basic discharge capability of the EAST tokamak. In section 3, we present the results of the simulation using TSC and its comparison with the experimental measurements. These include the evolution of the poloidal field (PF) currents, the plasma current (I p ), the major radius (R), and the plasma configuration in section 3.1. A special study in 3.2 is focus on modeling the heat flux impinging on the divertor target plates. In section 4, we give a brief summary.
Basic plasma parameters of the EAST tokamak for discharges
EAST has 14 PF coils (PF1-14) outside of the plasma chamber and 2 inside coils (IC1, IC2), shown in figure 1. PF1-PF6 are coils in the central solenoid, used to induce current in the plasma. PF7-PF14 are the PF coils, used to control the shape and position of the plasma. The inside coils (IC1, IC2) are up-down symmetric and used to the fast vertical control of the plasma position. The location, turns, and geometry of these PF coils are shown in table 1. Other major parameters of EAST are: the major radius ∼1.8 m, the minor radius ∼0.4 m. Range of normal operation of the plasma configuration includes elongation 1.5-2, triangularity 0.3-0.6, and the toroidal field 3.5-4 T.
Numerical results
The major disruptive discharge simulation was based on shot 61 916. The simulation region was x: 0.8 to 2.88 m, z: −1.68 to 1.68 m. We assumed a double null configuration throughout the disruption. The real-time feedback control system for the plasma displacement was used. The discharge can be separated into (a) the start-up phase (from 0 s to 1.8 s), (b) the flat top phase (from 1.8 to 6.33 s) and the disruption phase (from 6.33 to 6.344 s). The disruption phase can be further separated into the TQ phase (from 6.33 to 6.336 s) and the CQ phase (from 6.336 to 6.344 s). The power of lower-hybrid wave current drive is 0.7 MW beginning at 1.8 s (lasting for 4.54 s) during the flat-top phase and the toroidal field B t ∼2.3 T. Starting at about 6.2 s precursor to plasma disruption is observed which eventually leads to the plasma disruption beginning at 6.332 s. We employed the transport packages of neoclassical-resistivity, auxiliary-heating, current-drive, radiation and anomalous transport which used with multiplication factor F. Comparison with experimental data was improved by adjusting the thermal conductivity enhancement factor F, which denotes the factor by which thermal conductivity is enhanced. Gas injection system is equipped on EAST for disruption mitigation when precursor is observed, but not employed in this discharge.
Simulation results of main parameters
Simulation by TSC gave us the evolution of the plasma configuration and the main parameters (actually also all the details of the discharge). We report here the evolution of the parameters that are the most relevant. Figure 2 shows the comparison of the PF coil currents predicted by TSC simulation and that obtained in the experiment. 12 PF coils were employed and results from 6 PF coils are given in figure 2 because of the assumption of up-down symmetry assumed in TSC. For the experimental data, the averages between the updown pairs were taken. In the figures shown, the dash dot lines are results measured in the experiment and the solid lines are the results predicted by TSC. It is seen that in general, the inboard coils gave good agreement throughout; whereas the corner of outboard coils showed higher discrepancy, even during the plasma current flat top. In general, all coils captured the major tendencies in the evolution. The coil currents of IC1and IC2 obtained in the experiment shows that it did not work in this discharge. So, the coil currents of IC1and IC2 were not employed for the simulation. Figure 3 shows the evolution of the plasma current from TSC simulation (solid line) and that obtained from the experiment (dash dot line). It is seen that the simulated plasma current shows good agreement with the measured value, with a sharp decline at the end. Figure 4 shows the comparison in evolution of the major radius R between the simulated results (solid line) and that obtained from laser collimation system and equilibrium reconstruction (dash dot line). It is seen that there is some differences between these two curves during the ramp-up stage, but fits well in the quasi-steady state flat top stage. Figure 5 shows the plasma configuration at selected moments (0.507, 1.812, and 5.812 s) reconstructed by using EFIT ( figure 5(a) ) and simulated by TSC ( figure 5(b) ) based on shot 61 916. From figure 5(a) , it can be seen that reconstructed using EFIT predicted that the upper single null configuration occurred at some moment. Nevertheless, the plasma configuration and the strike point on the divertor target plate during the disruption are in good agreement because it occurred during the double-null discharge phase.
The multiplication factor F of the anomalous coefficient was set to match the results from experiment. Figure 6(a) gives the factor F during the ramp-up and the flat top phases and figure 6(b) gives that of the whole discharge. The factor F gradually increased to 1.6 during the ramp-up phase and kept in 1.02 during the flat top phase. The factor F was set to 20 to initiate the disruption and this was also the cause of the precursor.
Simulated heat fluxes on the divertor target plates
Heat fluxes on the PFCs are part of the outputs given by TSC. Figure 7 shows the evolution of the heat fluxes on the divertor target plates simulated by TSC. Figures 7(a)-(d) give the heat fluxes on the upper outboard, the upper inboard, the lower inboard and the lower outboard target plates respectively. The x axis is time (the unit is second), and the y axis is the heat flux (the unit is MW m −2 ). The results are different because the divertor plates are not up-down symmetric. As shown in figure 5(b) , towards the end of the discharge, the field lines intercept the upper divertor plates more perpendicularly than the lower divertor plates. Simulation shows that enormous Figure 8 shows the predicted heat flux on the upper outboard divetor target plate with different values of the anomalous transport factor F. The maximum value of the factor is nearly 2 orders of magnitude larger than the flat-top phase. This figure illustrates that the heat flux increases almost linearly with the anomalous transport factor. It also shows that TSC has high flexibility and predictability.
Summary and discussion
In the study, we presented results from using TSC to simulate the complete evolution of a major disruptive discharge with a double-null divertor configuration of EAST. By adjusting the factor of the anomalous transport coefficient, the simulated results of the PF coil currents, the plasma current, the major plasma radius, the plasma configuration are in reasonable agreement with that obtained from the experiment.
TSC simulated results show about 8 MW m −2 heat flux on the upper outboard target plate and about 6 MW m −2 heat flux on the lower outboard divertor target plate during the disruption phase. This predicted heat flux form simulation on the divertor target plate with different factor of the anomalous transport coefficient shows that the heat flux increases linearly with the anomalous transport and TSC has high flexibility and predictability. 
